Like many galaxies of its size, the Milky Way is a disk with prominent spiral arms rooted in a central bar 1 , although our knowledge of its structure and origin is incomplete. Traditional attempts to understand our Galaxy's morphology assume that it has been unperturbed by major external forces. Here we report simulations of the response of the Milky Way to the infall of the Sagittarius 2 dwarf galaxy (Sgr), which results in the formation of spiral arms, influences the central bar and produces a flared outer disk. Two ring-like wrappings emerge towards the Galactic anti-Centre in our model that are reminiscent of the low-latitude arcs observed in the same area of the Milky Way. Previous models have focused on Sgr itself 3,4 to reproduce the dwarf's orbital history and place associated constraints on the shape of the Milky Way gravitational potential, treating the Sgr impact event as a trivial influence on the Galactic disk. Our results show that the Milky Way's morphology is not purely secular in origin and that low-mass minor mergers predicted to be common throughout the Universe 5 probably have a similarly important role in shaping galactic structure.
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To discern the specific effect of the Sgr impact on the Galactic disk, we need to simulate directly the dark matter and stellar components in both the Milky Way and the Sgr progenitor and to ensure that Sgr has a realistic dark-to-baryonic mass ratio, given the LCDM (where L represents the accelerating expansion of our Universe, which has a matter density dominated by Cold Dark Matter) cosmology's prediction that even small dwarf galaxies are hosted by massive halos of dark matter. Given the total luminosity (a few times 10 8 L [ , where L [ is the solar luminosity) of the Sgr tidal stream and remnant core 6 , cosmological abundance matching demands that the original mass of the dwarf galaxy progenitor was at least 10 10.5 M [ (where M [ is the solar mass), although best estimates 7, 8 place it in a much more massive halo of roughly 10 11 M [ . A recent dynamical analysis finds comparable masses, noting that the future discovery of additional stellar debris in the Sgr stream would tend to support the heavier value 6 . We therefore adopt the two masses mentioned above as lower and upper limits, which we refer to as our 'light Sgr' and 'heavy Sgr' models. Our initial Milky Way disk model 9 matches theoretical expectations and the observed characteristics of the Galaxy.
In isolation, our modelled primary disk begins to form a weak bar after about two billion years, but otherwise remains quite smooth beyond about 5 kiloparsecs (kpc) from its centre. In contrast, the Sgr interactions provide significant perturbations to the outer disk, triggering the formation of outer rings of stellar material and influencing the evolution and formation of the central bar and inner spirality. Each of the model Sgr progenitors experiences two disk crossings, approaching a third at the present day, and the response of the disk is similar in both cases as shown in Fig. 1 . The satellite first crosses the disk at a Galactic Centre distance of about 30 kpc approximately 1.75 billion years ago, producing the most significant perturbation. The progenitor loses roughly 75% of its dark matter mass (but little stellar material) during this time, and the disk experiences a caustic signature initially pointing towards the encounter but eventually shearing into trailing spiral ring-like structure; see Fig. 2 . The second crossing incites a weaker ancillary arm with a pitch angle different from that of the primary mode and begins to liberate stellar material from Sgr. These repeated polar encounters produce flaring, asymmetric sloshing in the disk plane, and vertical oscillations above and below the plane of the forming spiral wraps.
The evolution of the central bar can also be affected by perturbing impacts. Although bar formation is sensitive to initial conditions, it is interesting to compare results from run to run, which rely on identical a, Edge-and face-on surface density depictions for each infall model as well as an isolated Galaxy model subject only to secular evolution. The Sun's location is marked as a yellow circle and the present location of the Sgr remnant is marked as a pink circle. The primary Milky Way analogue was initialized via self-consistent multi-component distribution functions 9 and proved fairly robust to secular instabilities, as shown in the left image after about 2.7 billion years of isolated evolution. b, Global rendering of the 'light Sgr' tidal debris and the Milky Way disk. The primary galaxy included a Navarro-Frenk-White (NFW) dark halo ). Following previous work on the Sgr interaction 22 , our satellites started 80 kpc from the Galactic Centre in the plane of the Milky Way, travelling vertically at 80 km s 21 towards the north Galactic pole. We account for the mass loss that would have occurred between virial-radius infall and this 'initial' location by truncating the Sgr progenitor NFW mass profile at the instantaneous Jacobi tidal radius, r t 5 23.2 kpc for 'light Sgr' (or 30.6 kpc for 'heavy Sgr'), leaving a total bound mass that is a factor of approximately three smaller than their effective virial mass derived from abundance matching. All simulations used the parallel N-body tree code ChaNGa with a gravitational softening length of one parsec, and followed the evolution of 30 million particles with masses in the range 1.1-1.9 3 10 4 M [ . primary disk models. Compared to our isolated run, the 'light Sgr' model induces a more pronounced bar with a faster angular speed. Our 'heavy Sgr' case suppresses bar formation compared to the isolated run, as a result of enhanced central disk heating. Although the bar grows with time in the isolated case, at fixed time the 'light Sgr' run always produces a more pronounced bar and the 'heavy Sgr' run always produces a less pronounced bar. Both Sgr-infall models each have an endstate bar orientation (w bar < 15-20u) that corresponds to estimates 10 of the long bar at the centre of the Milky Way (w MW < 15-30u). Our isolated run does not, being phase-shifted from the impacted bars by roughly 90u, which indicates that the Sgr event must be considered in any model that attempts to detail the evolution of the Galactic bar.
A vital test of the model's viability is the preservation of a disk that is as thin and dynamically cold as the Milky Way. Though our resultant disks do show flaring at large radius, the scale heights remain less than 0.5 kpc well beyond the solar radius for both model cases. The velocity ellipsoids of the remnant disks in the solar vicinity are (s R , s w , s z ) < (37, 27, 20) . At the present time in the real Galaxy (and in the infall models, as shown in Fig. 3 for the 'light Sgr' case), the Sgr core is moving up towards the Galactic plane 12 and has two distinct tidal arms resulting from its advanced stage of disruption. The orbital plane of Sgr allows us to fix the Galactic longitude of the Sgr remnant in our simulations at l < 5.6u, and we establish the endstate time step when the dwarf core is at a Galactic latitude of b < 214.0u. These coordinates are a good match to observations 2, 13 ; the heliocentric distance of our satellite remnant is around 22 kpc for the 'light Sgr' model and around 20 kpc for the 'heavy Sgr' model, commensurate with the 24 6 4 kpc range typically derived 14 . The stellar velocity dispersion of both the core and the stream in our remnants are consistent with measurements for Sgr 4,15 (approximately 10-20 km s
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), although precise results are sensitive to stellar initial conditions. Our simulated Sgr debris distributions do not precisely match all of the observed characteristics, but we argue that these differences are not significant enough to alter our gross expectation that the Sgr impact has significantly affected the Milky Way disk, given that dark matter in the progenitor is the main driver of disk perturbations. Better constraints on debris stream dispersion, length, and thickness may provide a way of constraining the full progenitor mass in the future.
The disks in our simulations develop outer arcs of material generated in association with each disk crossing. These evolved outer wrappings are loosely wound and resemble rings. One of the predicted arcs, at about 10 kpc from the Sun, is reminiscent of the low-latitude Milky Way feature known as the Monoceros ring. Though the Monoceros ring is often considered to be the leftover tidal stream from a now-defunct dwarf satellite galaxy 16 , some observational evidence has suggested that the Monoceros ring could be a feature of the Milky Way itself 17 . Previous theoretical work has suggested that a past encounter with some previously unidentified massive satellite could have produced the Monoceros ring as the outcome of a disk impact 18 . We specifically identify the Sgr progenitor as the likely candidate for the impact that moulded the Monoceros ring from the Milky Way disk, as the induced spiral arms detached from the outer Galactic plane and began to oscillate vertically over a range of 5-10 kpc (see Fig. 4 ).
Finally, we note that these predicted ring-like wrappings of alreadyknown spiral arms will also be potentially observable at deep magnitudes by next-generation mapping surveys. These efforts may connect the features in the Galactic outskirts to the global structure of the Milky Way disk, further implicating the Sgr dwarf as a principal shaper of . The traditional view of the Milky Way as a secularly evolving system has encouraged theoretical descriptions of quasi-stationary density-wave spirality, although the large peculiar motions of young stars in spiral arms support a more transient picture 24 (numerical evidence exists for both short-lived configurations 25 as well as more stable forms of spirality, varying with the strength of the tidal induction 
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Milky Way morphology. Cosmological considerations strongly suggest that the Sgr progenitor was massive, and thus motivate the expectation that it has influenced Galactic evolution. More broadly, the implication that Sgr has affected the Milky Way morphology provides an indication that minor mergers shape galactic structure throughout the Universe. Future observations of the kinematics and extent of the Sgr tidal debris stream will further constrain the scenario discussed here and shape the perspective that the Sgr impact must be included in future theories of Milky Way evolution. , and the spiral arm wrapping at a distance of around 10 kpc is strikingly similar to the Monoceros ring. The Monoceros ring feature spans a wide range in metallicity 30 : [Fe/H] < 21.6 to 20.4. The corresponding highlatitude arc in our simulation at that distance is composed of stars that were initially widely distributed throughout the disk, suggesting that radial mixing during the Sgr impact must be an important factor in the Milky Way's recent chemodynamical evolution, and also that the chemical composition of the real Monoceros ring feature may not be as reliable in discriminating models for the origin of the ring as otherwise expected. See the Supplementary Information, in which we discuss the quantitative agreement between our Galactic anti-Centre spiral structure and Monoceros ring observations in more detail.
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